How do flying birds respond to changing environments? The behaviour of budgerigars, Melopsittacus undulatus, was filmed as they flew through a tapered tunnel. Unlike flying insects-which vary their speed progressively and continuously by holding constant the optic flow induced by the wallsthe birds showed a tendency to fly at only two distinct, fixed speeds. They switched between a high speed in the wider section of the tunnel, and a low speed in the narrower section. The transition between the two speeds was abrupt, and anticipatory. The high speed was close to the energy-efficient, outdoor cruising speed for these birds, while the low speed was approximately half this value. This is the first observation of the existence of two distinct, preferred flight speeds in birds. A dual-speed flight strategy may be beneficial for birds that fly in varying environments, with the high speed set at an energyefficient value for flight through open spaces, and the low speed suited to safe manoeuvring in a cluttered environment. The constancy of flight speed within each regime enables the distances of obstacles and landmarks to be directly calibrated in terms of optic flow, thus facilitating simple and efficient guidance of flight through changing environments.
Introduction
Although considerable attention has been devoted to investigating how birds migrate over long distances (for review, see [1] ), we know relatively little about how birds cope with the challenges of short-range navigation. For example, do birds tailor their flight to adapt to changes in the environment? Short-range guidance has been investigated extensively in flying insects, where it has been shown that cues based on optic flow-the motion of the image of the environment in the eye-play a significant role in controlling a number of different aspects of flight (for reviews, see [2] [3] [4] ). Specifically, there is good evidence, from experiments in either tapered tunnels or tunnels displaying moving patterns on the walls, to suggest that flying insects, for example, vinegar flies (Drosophila melanogaster), honeybees (Apis mellifera) and bumblebees (Bombus terrestris) regulate their flight speed by holding constant the magnitude of the optic flow that is experienced by their visual system as they fly through the environment [5] [6] [7] [8] . This method of controlling flight speed ensures that the speed is high during flight in an open environment and is progressively reduced to lower, safer levels as the environment becomes more cluttered.
Material and methods
Ten birds were used in the experiments. Each bird was released four times at each end of a tapered tunnel (figure 1a, inset). Consequently, each bird experienced four flights in the widening direction of the tunnel, and four flights in the narrowing direction. This resulted in a total of 80 flights: 40 in the narrowing direction and another 40 in the widening direction.
The birds' flights were tracked and reconstructed in three dimensions using two high-speed video cameras. The median speed of each bird in each metre segment along the tunnel's longitudinal axis was then evaluated for each flight trajectory. We then fitted the data to a logistic model, which is a general model that can assume a linear, a sigmoidal or a stepwise profile, depending upon its parameters to investigate the effects of a narrowing or a widening tunnel on flight behaviour. Details of the experimental protocol, video recording, three-dimensional reconstruction and data analysis are given in the electronic supplementary material. Figure 1a shows the average speed profiles of the birds for flights in the narrowing direction (red) and the widening direction (blue). The circles show mean flight speeds averaged across all birds and flights. The curves in figure 1b represent logistic functions fitted to the average data (see the electronic supplementary material). For each flight direction the speed profile, in its entirety, is approximated well by a sigmoidal fit, but poorly by a linear fit. In the wider section of the tunnel, the birds flew at a constant, high speed (9.44 m s
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). When they reached a position near the midpoint of the tunnel, they dropped their speed abruptly to a lower level (5.44 m s 21 ), which was maintained for the rest of the flight. When traversing the tunnel in the opposite direction (i.e. when flying through a progressively widening tunnel), the birds commenced flight at the low speed and maintained this speed until a position approximately 2 m ahead of the midpoint, beyond which they switched to the high speed. However, the steepness of the transition is the same in both directions (paired t-test, p ¼ 0.94; see the electronic supplementary material). It must be noted that figure 1b shows the flight profiles averaged over all of the birds, and since the location of the speed transition varies slightly from bird to bird, this makes the speed transition in the average speed profile appear smoother and less abrupt than in the profiles for the individual birds (data not shown).
To examine variations in the behaviour among the 10 birds that we studied, we fitted separate logistic functions to the data of each bird, and measured the variability in the high speed, the low speed and the points of transition (switching) between the high speed and the low speed for flights in the narrowing direction (red curve, figure 1b), and between the low speed and high speed for flights in the widening direction (blue curve, figure 1b). The standard deviations and standard errors of these variables, shown in figure 1b, indicate that all of the four quantities are quite consistent across all birds.
To examine the variability across individual birds, we examined the relationship between the high speed and the low speed for each bird, for flights in the narrowing as well as the widening direction. This relationship is shown in figure 1c , which plots the high speed versus the low speed for each bird, with the circles representing data for individual birds. Inspection of these data, and a linear regression on it, reveals that (i) the low speed is correlated with the high speed (R 2 ¼ 0.34, p , 0.05), that is, a bird with a higher than average 'high' flight speed also tends to have a higher than average 'low' flight speed; and (ii) for each bird, there is a more or less constant difference, of about 6 m s 21 on average, between the high speed and the low speed. (iii) The small, correlated variation of the high speed and low speed from bird to bird (figure 1c) may reflect small variations in the physiological or behavioural characteristics of individual birds.
Discussion
The above observations suggest that budgerigars fly primarily at two distinct speeds. The speed in the wide section is significantly higher than that in the narrow section, regardless of flight direction ( p , 0.001 in either case; pairwise two-tailed rsbl.royalsocietypublishing.org Biol. Lett. 12: 20160221 t-test, details in the electronic supplementary material). Thus, the transition between the two speeds is rather abrupt, and not gradual. Evidently, the birds tailor the speed of their flight to the passage that they are negotiating: a narrowing passage elicits a reduction in flight speed-possibly for reasons of safety-whereas a widening passage elicits an increase in flight speed, presumably to expedite the journey through the passage. In broad terms, this behaviour is similar to that displayed by flying insects [3] [4] [5] [6] [7] [8] . Bees flying through a tapered tunnel reduce their speed approximately linearly from a maximum value recorded at the widest part of the tunnel to a minimum at the narrowest part, indicating that they control their flight speed by holding constant the optic flow experienced by the visual system during flight [6, 8] . However, budgerigars do not vary their speed in a linear manner. They display only two distinct flight speeds, and the transition between the two speeds is abrupt. Thus, unlike insects, the birds are not holding the induced optic flow constant; rather, they switch to the lower speed when the optic flow exceeds a certain value, and to the higher speed when the optic flow drops below this value.
Why are budgerigars different from bees? For budgerigars, oxygen consumption and respiratory rate are U-shaped functions of speed, with a minimum occurring at about 10 m s 21 [9] . Such U-shaped functions have also been measured or theoretically predicted for other bird species [10, 11] . The higher flight speed of approximately 9.5 m s 21 observed in our tapered tunnel closely matches this energy-efficient speed. Thus, the birds may prefer to fly at the energy-efficient speed whenever the tunnel is wide enough to permit safe flight, and switch to the lower speed of approximately 5.5 m s 21 when the tunnel becomes narrower than a critical value. Interestingly, the lower flight speed-presumably a 'manoeuvring' speed-is also rather constant and prevails across a number of other experiments with budgerigars [12] [13] [14] . The data in figure 1b,c also reveal that the speed profile for flights in the widening direction can be replicated by shifting the profile for flights in the narrowing direction to the right by a distance of about 1.7 m. This suggests that birds switch their speed by looking at a section of the tunnel that is 0.85 m ahead of their current location. 0.85 m is half the distance between the switching points, as illustrated in figure 2 . From the geometry of the tunnel (figure 2), we infer that the birds are looking forward at an angle of approximately 248 relative to the flight direction. (This does not imply that the birds are looking exclusively along this direction, but suggests that this is the direction of highest sensitivity of the visual subsystem that is used to assess flight speed in relation to tunnel width.) This means that the viewpoints for birds flying in the two directions will converge at a position where the width of the tunnel is 0.76 m. Thus, the birds reduce or increase their flight speed in a predictive fashion according to whether the perceived oncoming width of the tunnel becomes smaller or larger than 0.76 m. Predictive control of flight speed has also been observed in bumblebees [15] . However, while flying insects tailor their speed to the width of the passage in a smooth, continuously varying manner [3] [4] [5] [6] [7] [8] , budgerigars, as we show here, seem to adopt only two discrete speeds. The advantage of a dual-speed flight system that incorporates only two 'known', pre-set speeds is that, for each speed, the distances to obstacles can be directly calibrated in terms of the optic flow that they elicit.
Additionally, the decision to switch from one speed to the other can be performed in a simple, straightforward manner by monitoring the optic flow that is generated by the oncoming environment.
In principle, switching between the two cardinal speeds can be accomplished by gauging the width of the oncoming environment either by monitoring optic flow as we have suggested above, or, alternatively, by using stereo cues. In birds, the visual overlap ranges from 10 to 408, and is used primarily for close-range vision mostly in the lower visual field [16] . It is therefore unlikely to provide stereo cues over our inferred frontal field, which is at least 488 wide (2 Â 248). However, our present experiments do not allow us to distinguish between the use of the two cues, which would be an interesting topic for future research.
In the case of the budgerigar, the use of two cardinal flight speeds requires that these speeds be predetermined and regulated by some means other than visual input. This could be achieved, for example, by (a) incorporating two standard flight modes that generate different thrusts, each mode representing the use of a flight speed that is locally optimum in terms of energy consumption; (b) regulating flight speed by sensing the airspeed (e.g. [17] ) or (c) using a combination of (a) and (b). These possibilities could be examined by investigating flights in a tapered tunnel that provides headwinds or tailwinds at various controlled speeds.
We have seen that budgerigars switch their speed from 'high' to 'low' when the oncoming passage becomes narrower rsbl.royalsocietypublishing.org Biol. Lett. 12: 20160221 than 0.76 m. This width is roughly 2.5 times the average wingspan of these birds (around 30 cm). A recent study revealed that, during flight through very narrow apertures, budgerigars close their wings only when the aperture is narrower than their wingspan [13] . Thus, budgerigars are 'body aware', displaying an ability to gauge the widths of passages precisely in relation to their wingspan. Given this, one may speculate, at the risk of some oversimplification, that budgerigar flight is governed by three simple operating rules: (i) fly at the high (energy-efficient) speed of approximately 9.5 m s 21 when the passage through the environment is wider than 2.5Â the wingspan; (ii) switch to the low (manoeuvring) speed (approx. 5.5 m s
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) when the oncoming passage is narrower than 2.5Â the wingspan and (iii) close wings when the oncoming passage is narrower than the wingspan.
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